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Osteoporosis is a degenerative bone disease that causes the weakening of bone structure.
Since bone structure is dynamic throughout a person’s lifespan, bones are under constant
growth and destruction in a process known as bone turnover or bone remodeling.
Osteoporosis involves the disruption of this growth/destruction equilibrium towards the
destructive side. An increase in bone turnover leads to a lower bone density and therefore

a greater risk of fracture or injury of higher severity. Bone turnover markers serve as
indicators of the process of bone turnover. These markers are split into two groups:
formation (building up) markers and resorption (breaking down) markers. Using
biochemical techniques and assays, these markers can be measured to monitor the
activity of the markers as well as determine treatment options and efficacy based on this
activity. The use of biomarkers in osteoporosis can pave the way for their use in other

diseases such as cancer.

INTRODUCTION

Osteoporosis is one of the most common bone disorders
with over 200 million people currently estimated to be suf-
fering from it.! The disease is characterized by deteriorated
bone structure which leads to a higher fracture or breakage
risk, especially in older individuals. Due to the nature of the
disease, these fractures can lead to more serious injury be-
cause of an already decreased density of the bone and mal-
function of the bone repair process. Numerous case reports
of elderly patients having minor falls that results in signif-
icant orthopedic trauma and even fatal hemorrhage have
been published.?3 Since the disease presents no immediate
detectable symptoms, it is often unnoticed until it presents
itself as a seemingly low trauma fracture of a major skeletal
structure such as the spine, hip, or even the wrist with mi-
nor to no apparent cause.* Current treatments involve both
pharmaceutical and non-pharmaceutical preventive treat-
ments. Pharmaceutical treatments take the form of oral
medications that are categorized as either antiresorptive or
anabolic.

Antiresorptive medications attempt to decrease the bone
resorption/destruction rate while anabolic medications at-
tempt to increase the bone formation rate and overtake the
resorption rate. Non-pharmaceutical treatment involves di-
etary or lifestyle changes that could minimize the risk of
future fractures. Adequate intake of essential vitamins and
minerals such as calcium and vitamin D and exercise paired
with cessation of smoking or alcohol consumption are all
common treatments to reduce the severity and chances of
future fractures.>

Osteoporosis itself is split into two categories: primary
and secondary osteoporosis, each differentiated by what
causes the disease. The apparent cause of primary osteo-
porosis is old age or sex hormone deficiency. The apparent
cause of secondary osteoporosis is a pre-existing condition
and sometimes a side effect of the medication for that
treatment. For example, numerous inflammatory diseases,
such as rheumatoid arthritis, involve treatment with gluco-
corticoid therapy which is known to accelerate bone loss®.
The most prominent factor in osteoporosis, however, is
hormonal in nature. Specifically, the decrease of sex hor-
mones associated with aging and other treatments leads to
an increase in bone resorption and therefore an increase in
bone loss [Figure 1].

TURNOVER PROCESS (BONE REMODELING)

Bone structure is constantly dynamic and undergoes con-
tinuous remodeling throughout one’s lifespan. There are
two main stages of bone turnover: bone resorption regu-
lated by osteoclasts and bone formation regulated by os-
teoblasts. During adolescence, the turnover process favors
the formation side until peak bone mass is attained. Once
this is achieved, bones still remain active and the bone
turnover process reaches equilibrium: bone formation and
resorption occur at equal rates.® Osteoblasts are mature
bone cells responsible for bone formation and osteoclasts
are responsible for bone resorption. These two cells work
in tandem to regulate the bone turnover process. The most
common regulation pathway is the RANKL/RANK pathway.
RANKL is a protein produced by osteoblasts that binds to
the RANK receptor of osteoclasts and initiates the bone re-
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Figure 1. A comparison of a healthy bone with that of a bone with osteoporosis. The density of the healthy bone
is much higher in healthy bone, making it much stronger. Created in https://BioRender.com.

sorption process. In order to initiate the formation process,
the Wnt pathway is employed. The result of this pathway
leads to the production of B-catenin which terminates os-
teoclasts and the resorption process which allows os-
teoblasts to bind to bone and initiate the formation
process.”

BIOCHEMICAL MARKERS

Biochemical markers, or biomarkers in general, are mole-
cules produced during a metabolic or disease process, ei-
ther at the onset or during the progression of the disease.
They can be used to track the progression of a disease
and also its treatment efficacy of it. In terms of osteo-
porosis, these are labeled as bone turnover markers (BTMs)
since the disease is characterized by a malfunction in the
bone turnover process. Bone turnover markers are protein
or protein derivatives that are released during the bone
turnover process by either osteoclasts or osteoblasts. They
provide insight as to whether resorption is occurring at a
higher rate than formation. Osteoporosis involves either an
underactive formation process or an overactive resorption
process commonly caused by a malfunction in one of the
communicative pathways between the two. Consequently,
bone turnover markers take two forms: formation markers
and resorption markers.® Measuring these markers can give
an insight as to which process is over or under-expressed.

FORMATION MARKERS

Bone formation markers can be categorized as three dif-
ferent types: By-products of collagen synthesis, osteoblast

enzymes, and matrix proteins. Collagen is an important
component in the strength of the skeletal structure. A by-
product of collagen synthesis by osteoblasts are 1 N-termi-
nal propeptide (P1INP) and procollagen type 1 C-terminal
propeptide (P1CP). These markers are the products of the
posttranslational cleavage of type 1 procollagen molecules
and originate mostly from proliferating osteoblasts when
forming new bone tissue. In clinical use, PINP is the pre-
ferred use as a marker for bone formation because P1CP is
cleared out by the mannose receptor, and can also be in-
fluenced by the presence of growth and thyroid hormones
and complicate the interpretation in patients that have pi-
tuitary or thyroid dysfunction.# Both PINP and P1CP can be
measured in serum and can be analyzed by radioimmunoas-
say (RIA).°

Another marker is alkaline phosphatase (ALP), a mem-
brane-bound enzyme of the osteoblast that is present in al-
most all body tissue. ALP plays a vital role in the regulation
of mineralization by degrading pyrophosphate, which is an
inhibitor of mineralization. ALP is one of the earliest BTMs
that was used and has been phased out since it is also pre-
sent in liver tissue. However, it is still useful in determin-
ing high levels of bone turnover in other bone diseases such
as Paget’s disease.® ALP can be measured in serum via im-
munoassays, electrophoresis, and high-performance liquid
chromatography (HPLC). Out of these, immunoassays pro-
vide the most reproducible and precise results when com-
pared to the other methods.8

The last common formation marker is osteocalcin, a
small matrix protein synthesized by osteoblasts. Osteocal-
cin consists of three glutamic acid residues, which undergo
vitamin
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K-dependent carboxylation to form gamma-carboxyglu-
tamate. This causes a conformational change that allows
osteocalcin to bind with hydroxyapatite and minerals in the
bone. Since it is a direct byproduct of osteoblasts, it serves
as a better marker than ALP and has also been found to be a
specifically useful BTM in primary osteoporosis.# Available
assays for measuring osteocalcin include radioimmunoas-
says, enzyme-linked immunosorbent assays (ELISA), and
chemiluminescence immunoassays.’

ASSAYING THE MARKERS (RIA)

Radioimmunoassays work via competitive binding and have
contributed to the use of biomarkers greatly by acting as
a way to quantify them. In RIA, a known quantity of the
antigen of interest is radioactively labeled with 1251 This
sample is then introduced into a set of wells with the anti-
gen’s antibody fixed to the bottom of the well and the an-
tibody is allowed to bind to the antibody. The sample of
interest with an unknown concentration of the antigen is
then added and allowed to competitively bind to the an-
tibodies. This will cause the radiolabeled antigens to es-
sentially be kicked off the antibodies and replaced with the
antigens from the serum of interest. The radioactivity of
the supernatant in the well starts off at zero since all of the
radiolabeled antigens are bound to the antibody. However,
since they have been kicked off by the serum antigens, they
will populate the supernatant solution. The radioactivity of
the supernatant is then directly proportional to the concen-
tration of the serum antigen. The higher the radioactivity,
the higher the concentration of the serum antigen. The ra-
dioimmunoassay is most commonly used when measuring
both bone turnover markers as well as any other biochem-
ical marker. For example, RIA is also used to measure the
biochemical markers in cancer.

RESORPTION MARKERS

Bone resorption markers can be categorized as collagen
degradation products, non-collagenous proteins, osteoclas-
tic enzymes, and osteocyte activity markers. A collagen
degradation product is carboxy-terminal cross-linked
telopeptides of type 1 collagen (CTX). CTX undergoes iso-
merization during bone digestion to produce a and [ forms.
These are then isomerized again to form D and L forms.*
CTX is then excreted from the body through urine and is
consequently analyzed in urine samples. Since CTX displays
circadian variation, where the concentration of a molecule
produced in the body is dependent on the time of day, the
timing of sample collection is important. Specifically, fast-
ing morning samples give optimal results. CTX is also cur-
rently the best resorption marker since it is a direct product
of bone digestion. As a result, measuring this marker can
provide direct insight into the rate of bone digestion. An-
alytical methods for CTX include RIA, ELISA, and electro-
chemiluminescence assay® with RIA being the most com-
mon.

A non-collagenous protein used as a resorption marker
is bone sialoprotein (BSP) which is a glycoprotein found in

the bone matrix. BSP contributes to cell-matrix adhesion
of bone minerals and constitutes a large portion of bone
structure; subsequently, BSP levels can serve as an indica-
tion of how much bone is being digested. BSP is commonly
measured in serum by RIA. BSP is not commonly used as a
hallmark marker since it is one of the harder markers to as-
say since RIA does not pick up all of the available BSP in a
sample.b

Tartrate-resistant acid phosphatase isoform 5b
(TRAP5D) is an isoform of acid phosphatase that is resistant
to tartrate degradation. During bone resorption, TRAP5b
cleaves type 1 collagen into fragments and is mostly found
in the border of osteoclasts. Osteoclasts secrete TRAP5b
during bone resorption, which makes it another excellent
gauge of resorption activity.* While CTX is currently the
most used resorption marker, TRAP5b shows promise since
it is analyzed in serum and is therefore not affected by any
renal dysfunctions.

Also, TRAP5D inactivates a protein called osteopontin,
which allows osteoclasts to bind to the bone. Therefore,
low levels of TRAP5b are associated with prolonged di-
gestion of bone tissue by osteoclasts. TRAP5b can be as-
sayed using enzymatic and immunoassay techniques. How-
ever, immunoassays are more effective since there are other
forms of TRAP enzymes in serum that may come from
other types of cells, specifically immune cells which have
TRAPS5a® [Table 1].

EVALUATION OF MARKERS

Bone turnover markers can be used to predict the risk of os-
teoporotic fractures or injuries. Increased bone resorption
leads to lower bone density due to the deterioration of the
bone structure and lack of supplemental formation. Bone
turnover markers can measure this deterioration and serve
as a supplement to bone mineral density tests, which only
assess fracture risk. Increased levels of bone turnover mark-
ers indicate decreased bone integrity since newly synthe-
sized bone tissue is less mineralized and has fewer post-
translational modifications.? A study observed 435 healthy
postmenopausal women aged 50-89 years. In 55 cases with
reported fractures against a control group of 380, there was
an increased level of bone turnover markers P1CP, PINP,
and CTX. The increased levels of formation markers P1CP
and P1NP is normal because of the fracture. During a frac-
ture, bone formation is heightened in order to facilitate the
repair of the damaged bone. However, increased levels of
CTX are not normal. This means that the fracture is most
likely caused due to osteoporosis and will result in a de-
creased repair of the damaged bone. As shown in table 2,
serum P1CP and PINP, which are bone formation markers,
were present in higher concentrations. Additionally, CTX,
a bone resorption marker, was also present in higher con-
centrations than those of the control group. The higher
concentrations of bone resorption markers indicate that
the fractures were most likely due to a lower bone density
caused by increased bone resorption and signaling osteo-
porosis.10 The presence of these resorption markers in
higher concentrations during a fracture is also a concern
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Table 1. A summary of the turnover markers that were previously explored

Formation

Resorption

P1NP/P1CP: Result from posttranslational cleavage of procollagen

CTX: Direct product of bone digestion commonly found in
urine samples

ALP: Membrane-bound enzyme in osteoblasts that plays a vital role
in mineralization regulation

BSP: Glycoprotein in the bone matrix that plays arole in
cellular adhesion of minerals

Osteocalcin: By product of osteoblasts during mineralization of
bones

TRAPS5b: Cleaves collagen into fragments and is secreted
during bone resorption

Table 2. Comparison of biochemical markers of women who experienced osteoporotic fractures to a control
group that does not have osteoporosis. Formation markers P1CP/P1NP were found in higher concentrations,
which is normal. CTX was also found to be in higher concentrations which is indicative of an osteoporotic

fracture.
Turnover marker Concentration in Women with Fracture Concentration in Control
P1CP 100 + 30 ng/mL 96 + 33 ng/mL
PAINP 56 +23 ng/mL 53+21ng/mL
CTX 4.0+ 1.9 nmol/L 3.6+ 1.6 nmol/L

for inadequate bone repair, which will only further weaken
bone strength and displays how damaging osteoporosis can
be [Table 2].

TREATMENT MONITORING

Turnover markers can also provide an insight on the ther-
apeutic efficacy of osteoporosis treatment. This allows for
the optimization of therapy techniques and is useful for de-
termining a patient’s compliance to medication. One of the
most common pharmaceutical treatments involves the use
of oral bisphosphonates which inhibit osteoclasts and slow-
ing down the bone resorption process. Turnover markers
can determine if the treatment is ineffective at suppress-
ing the resorption process, in which case the treatment can
be adjusted accordingly by increasing the dosage or try-
ing another treatment option.# Another effective treatment
is Denosumab, a monoclonal antibody that works by in-
hibiting RANKL and therefore osteoclast initiation. An IM-
PACT study, a study done to analyze the result of a spe-
cific change, was done on 2302 postmenopausal women in
which CTX and NTX levels were assessed at baseline, 10,
and 22 weeks of treatment with 5 mg/day of risedronate, a
bisphosphonate. As shown in table 3, a decrease of more
than 30% of the resorption markers was found and the
number of patients with a fracture reduced by 1.6% com-
pared to those that did not show a significant decrease after
22 weeks.!! This provides evidence that the medication is
both working and viable for the treatment of osteoporo-
sis. Companies developing new treatments and medications
can use similar methods of tracking the turnover markers to
see whether or not the treatment is effective. The efficacy
of a treatment is important because every drug has a side
effect. How well a treatment works, and the severity of the
side effect are important factors in drug production.
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Optimally, a drug would present optimal efficacy with
minimal side effects. In terms of osteoporosis, a side effect
of bisphosphonates is that it can actually make bones
weaker and cause atypical fractures. Bisphosphonates work
by inhibiting bone resorption by osteoclasts, this includes
the resorption of old bone tissue that may not be as strong.
This means that older and weaker bone tissue will remain
which has an increased risk of fracture. Hence, close moni-
toring of the turnover markers can keep track of whether or
not the bisphosphonates are doing their job correctly or if
they are causing more harm.

LIMITATIONS

The main limitation in the use of turnover markers, like
other biochemical markers, is their variability and ability
to be assayed. Generally, resorption markers have a higher
variability than formation markers and urine samples have
a higher variability than serum samples. Serum samples are
more easily assayed than urine samples since urine samples
are easily subject to variation due to renal dysfunctions, es-
pecially in older individuals. One of the important techni-
cal factors is the sampling procedure. For example, urinary
samples must ideally be taken in the morning due to circa-
dian cycles and must account for creatinine. Blood samples
contain anticoagulants which can affect osteocalcin counts.
However, these are circumvented by the advancement of
immunoassays. By using an antibody specific to the anti-
gen of interest, the other antigens in the sample will not
bind and therefore not affect the measurements. There are
other factors such as age, gender, ethnicity, diet, and other
biological factors that must also be taken into account. For
example, one study found that bone markers were found to
have a lower concentration in black children than in white
children.12
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CONCLUSION

Bone turnover markers serve as important biological tools
in the treatment and monitoring of osteoporosis that are
becoming more popular in the clinical world. These various
markers can be used to determine fracture risk as well as
treatment determination and efficacy. Despite the variabil-
ity of their use, these markers serve as baseline indicators
of the bone turnover process and osteoporosis. If utilized,
these markers can catch diseases like osteoporosis early
and therefore have a better prognosis. However, some
markers are better than others. In the example of osteo-
porosis, the resorption marker P1CP is the most critical be-

cause it is a direct product of bone construction. Resorp-
tion marker CTX is the most critical for a similar reason,
it is a direct product of bone digestion. These two markers
are also the most easily sampled and assayed when com-
pared to the other markers, making them more reliable. The
use of biomarkers in osteoporosis has set the stage for bio-
markers’ potential in use for other diseases such as cancer.
The efficacy of a treatment for a disease can be analyzed by
the use of these biomarkers and can be used to develop new
treatments for current diseases.
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